1. Introduction {#sec1}
===============

Despite nomenclatural debate concerning the unequivocal affiliation of taxa to the genera *Sporothrix* (*S*.) and *Ophiostoma,* recent molecular studies revealed a well separated monophyletic clade for the 51 species of *Sporothrix,* now containing only sexual morphs within six species complexes \[[@bib1]\]. Besides the pathogenic clade containing *S. brasiliensis, S. schenckii, S. globosa* and *S. luriei* the remaining species represent environmental fungi from soil, hardwoods and plant infructescences \[[@bib1]\]. For some of the pathogenic species, animal reservoirs and zoonotic transmission may play an important role for human and animal infections, e.g. in *S. brasiliensis* caused by cat scratches or bites \[[@bib2],[@bib3]\]. However, certain members of the environmental clades might also serve as facultative pathogens as they are capable of inducing clinical signs of disease, especially in immunocompromised hosts and following traumatic inoculation. Here, we document two cases of *S. humicola* infection in two endangered eastern quolls (*Dasyurus viverrinus*) from a zoological collection that suffered from multiple skin lesions. Quolls (*Dasyurus* spp.) are unique marsupials endemic to Australia. Few studies have implicated pathogen status in *Dasyurus* spp., including wildlife infections with *Trypanosoma copemani* in chuditches (*Dasyurus geoffroii*) \[[@bib4]\], *Babesia thylacis* in northern quolls (*Dasyurus hallucatus*) \[[@bib5]\], *Hepatozoon* spp. \[[@bib6]\] and various nematodes \[[@bib7],[@bib8]\] as well as a case series with atypical mycobacteria in a captive group of tiger quolls (*Dasyurus maculatus*) \[[@bib9]\]. To the best of our knowledge, this is the first report on an isolation of *S. humicola* from a mycotic lesion in an animal species. Together with the uncommon microorganism and its host, but distinct clinical signs it is mandatory to properly identifying the etiologic agent to species level to rule out possible involvement of highly pathogenic dimorphic fungi.

2. Case {#sec1.1}
=======

Eastern quolls (*Dasyurus viverrinus*) are an endangered marsupial species, restricted to Tasmania that are maintained in an *ex situ* breeding programme. In August 2016, a pair of 4-year-old quolls displayed crustaceous skin alterations and alopecia, whereupon a biopsy of the female was submitted on 09.08.2016 for microbiology and parasitology (sample ID 161009975). Standard bacterial and fungal cultures followed a previously described methodology \[[@bib10]\] and were incubated up to 21 days. A mixed bacterial culture of *Staphylococcus xylosus* and *Bacillus* sp. could be isolated according to [Table 1](#tbl1){ref-type="table"}, but fungal cultures on Sabouraud glucose agar with gentamicin and chloramphenicol revealed growth of a filamentous-like fungus. Following DNA extraction from pure culture using a commercial kit (DNeasy® Blood & Tissue Kit, Qiagen, Hilden, Germany) according to the manufacturer\'s recommendations, sequencing of the ITS1-5.8S-ITS2 (ITS) region of the rRNA gene cluster was carried out using primers according to [Table 2](#tbl2){ref-type="table"} \[[@bib11]\]. Amplicons have been purified using a commercial PCR purification kit (E.N.Z.A. MicroElute™ Cycle Pure Kit, Omega Bio-tek Inc., Norcross, USA \[distributed by VWR International, Darmstadt, Germany\]) as recommended by the manufacturer and sequenced by Seqlab Sequence Laboratories (Göttingen, Germany). The sequences were analysed using BLAST N database (<http://blast.ncbi.nlm.nih.gov/>) and revealed the highest query coverage (99%) for *S. mexicana* (acc. no. LT799730.1) and *S. schenckii* (KX440160.1). Selective culture attempts to grow strictly anaerobic microbiota as well as the examination for ectoparasites did not yield any positive results.Table 1Origin of *Sporothrix humicola* field isolates from eastern quolls investigated in this study as well as concomitant microbiota results from respective cases (M: male, F: female).Table 1Sample IDSexTissue*Sporothrix humicola* proof and quantity^+^Concomitant microbiota\*161009975Fskin biopsy+*Bacillus*sp. +++*, Sta. xylosus*++161011194Mliver--α-haemolysing streptococci +++, *Sta. aureus* +, *Proteus* sp. +, motile *Aeromonas* sp. +, *Enterococcus* sp. ++161011194Mspleen--α-haemolysing streptococci ++, *Sta. aureus* +,\
*Proteus* sp. +, *E. coli* +, *Sta. sciuri* ++161011194Mkidney--α-haemolysing streptococci ++, *Sta. aureus* +,\
*Proteus* sp. +++, *E. coli* +, *Enterococcus* sp. ++161011194Mlung--α-haemolysing streptococci ++, *Sta. sciuri* +, *Aspergillus fumigatus* +, *Enterococcus* sp. ++161011194Msmall intestine--*E. coli* +++, *K. pneumoniae* +++, *Proteus* sp. +,\
*B. cereus* +161011194Mlarge intestine--*E. coli* ++, *Proteus* sp. +++, *H. alvei* +++,\
*K. pneumoniae* +161011194Mbone marrow--None161011194Mtesticle--α-haemolysing streptococci ++, *Sta. sciuri* +,\
*Proteus* sp. +, *Enterococcus* sp. ++161011194Mskin, foot 1+*Sta. sciuri* ++, *Aspergillus fumigatus* +161011194Mskin, foot 2+*Sta. sciuri* +++, *B. cereus* +, *Aspergillus fumigatus* +161011194Mskin, neck+*K. pneumoniae* ++, *Sta. sciuri* +++, *Aspergillus* sp. +, *Aspergillus fumigatus* +161011194Mskin, scrotum--*Sta. sciuri* +, *B. cereus* +, *Str. thoraltensis* +161011194Fliver--*L. garvieae* ++, *E. coli* ++, *H. alvei* ++, *Proteus* sp. ++161011194Fspleen--*L. garvieae* ++, CNS ++, *H. alvei* +161011194Fkidney--*L. garvieae* +++, *E. coli* +, *H. alvei* +161011194Flung--*L. garvieae* +++, *E. coli* +, *H. alvei* ++161011194Fsmall intestine--*E. coli* +, *H. alvei* ++, *B. cereus* +,\
*Enterococcus* sp. ++, *Geotrichum candidum* +161011194Flarge intestine+*E. coli* +++, *B. cereus* ++, *H. alvei* ++, *Mucor* sp. +,161011194Fbone marrow--None161011194Fskin, neck+*Sta. kloosii* ++,161011194Fskin, right trunk+*Sta. kloosii* +, *B. cereus* +, *Aspergillus fumigatus* +161011194Fskin, left trunk--*Sta. kloosii* +, *B. cereus* +161011194Fskin, teats--*Sta. kloosii* +[^1]Table 2Oligonucleotide primer sequences and PCR conditions of the target genes used for the detection of *Sporothrix humicola*.Table 2Target geneSequence (5′-3′)PCR program^†^ReferenceITS1-5.8S-ITS2 (rRNA gene)ITS-1: TCC GTA GGT GAA CCT GCG G\
ITS-4: TCC TCC GCT TAT TGA TAT GC1\
1\[[@bib11]\]beta-tubulinbt2a: GGT AAC CAA ATC GGT GCT GCT TTC\
bt2b: ACC CTC AGT GTA GTG ACC CTT GGC2\
2\[[@bib17]\]calmodulinCL1: GAR TWC AAG GAG GCC TTC TC\
CL2: TTT TTG CAT CAT GAG TTG GAC3\
3\[[@bib18]\][^2][^3][^4][^5]

Due to deterioration of other age-related health issues (ankylosis of the vertebral column, confirmed by x-rays, data not shown) and a general life expectancy of five years maximum, euthanasia was performed according to AVMA guidelines (<https://www.avma.org/KB/Policies/Documents/euthanasia.pdf>). Briefly, pentobarbital-sodium 300 mg/mL (Release, Wirtschaftsgenossenschaft deutscher Tierärzte, Garbsen, Germany) was administered intraperitoneally and both quolls were subsequently submitted for necropsy. Following gross pathology (on 12.09.2016; sample ID 161011194), tissue specimens from skin, liver, spleen, kidney, lung, small and large intestine, bone marrow and gonads were both processed for microbiological culture and fixed in 4% neutral buffered formalin and embedded in paraffin for pathohistological examinations. Sections of 3 μm were cut and routinely stained with hematoxylin and eosin (HE). Additionally, sections were stained with Periodic Acid-Schiff (PAS) and Ziehl-Neelsen (ZN). Gross pathology of the male included a focal papillary skin proliferation on the neck. Multifocal erosive to ulcerative inflammations (up to 30 mm in diameter) of the skin of neck, trunk, tail and teats were predominantly found in the female, associated with pasty subcutaneous oedema and focal crusts ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Female eastern quoll (*Dasyurus viverrinus*) with skin lesions, from which *Sporothrix humicola* could be isolated.Fig. 1

In the male, non-purulent perivascular inflammation of the lungs with accumulation of macrophages and acute alveolar haemorrhages with adjacent blistered emphysema were observed. Skin samples revealed a mild to moderate nodular pyoderma with focal erosions, ulcers and predominantly a purulent-necrotizing to rarely pyogranulomatous inflammation up to the subcutis in the male and similar, but high-grade and multifocal lesions in the female that were exacerbated by an inflammation of hair follicles, subcutaneous fatty tissue and dilatations of sweat glands. Tributary lymph nodes and all other internal organs as well as ZN- and PAS-slides were unremarkable in both quolls.

Microbiological examinations revealed a high-grade growth of various bacteria and fungi according to [Table 1](#tbl1){ref-type="table"}. Selective culture attempts to grow *Brucella* spp. or *Salmonella* spp. as well as the parasitological examination did not yield any positive results. Fungal isolates resembled members of the genus *Sporothrix* as was based on morphological features. Briefly, colonies at 20 °C had a flattened morphology with a smooth texture after 3--5 days of incubation \[[@bib12]\], whereas colonies at 37 °C appeared cream-coloured, waxy and much more tiny ([Fig. 2](#fig2){ref-type="fig"}A and B). None of these forms showed any darkening with age as has been described for clinical *S. schenckii* isolates \[[@bib12]\]. Colonies were also prepared in triplicate for MALDI-TOF mass spectrometry (MS; Microflex LT \[BrukerDaltonics, Bremen, Germany\]) analysis using an ethanol-formic acid preparation protocol for filamentous fungi provided by the manufacturer and MBT compass software (version V4.1) for identification. The commercial database used (DB 468 \[Filamentous Fungi Library V2.0, Bruker\]) comprised 24 spectra from one *S. schenckii* strain. The software considers MALDI score values \> 2.3 and \> 2.0 as secure species and genus identification levels, respectively. The *Sporothrix* isolates under study did not give conclusive identifications by MALDI-TOF MS. Although the database indeed suggested *S. schenckii* as the most probable matching pattern, the score values of 1.3--1.5 were not reliable for proper identification, even at genus level. By adding spectral information from the well-characterized, quality-controlled isolates from this study to the MALDI-TOF database it was possible to unequivocally identify this fungus to species level (score values 2.36; data not shown).Fig. 2**Colonies of *Sporothrix humicola*, incubated for 48 hours on Sabouraud glucose agar with gentamicin and chloramphenicol.** A. mycelial phase at 20 °C; B. yeast-like phase at 37 °C.Fig. 2

Nevertheless, partial sequencing of the ribosomal operon again confirmed a member of *Sporothrix* as well as of other mycota that could predominantly be found -- together with *Aspergillus fumigatus* -- in the skin lesions in both animals. Highest similarity (99%) was found for *S. mexicana* (LT799730.1) and *S. pallida* (KP017076.1). To unequivocally identify the involved *Sporothrix* species, one each isolate from sample nos. 161009975 and 161011194 were submitted to the National Reference Center for Invasive Mycoses (NRZMyk, Jena, Germany). Here, genomic DNA was extracted from cultures grown on 4% malt extract agar (MEA; Difco) following a protocol \[[@bib13]\] that was modified. Briefly, fungal material was homogenised for 5 min using a vortex adapter in a tube containing 1 mL lysis buffer (50 mM Tris, 50 mM sodium EDTA, 3% sodium dodecyl sulphate; pH 8) and acid-washed glass beads.

After 1 h at 68 °C, the tubes were centrifuged for 10 min at 16,000 relative centrifugal force (RCF). The supernatant was precipitated using 99.9% ethanol and the DNA pellet was washed twice with 70% ethanol, dried, resuspended in 50 μL distilled water and stored at −20 °C.

The 50 μL PCR mixture contained 0.2 μM of each primer, 10 μL of 5x MyTaq reaction buffer (Bioline GmbH, Luckenwalde, Germany) and 1 unit of MyTaq DNA polymerase (Bioline) and approximately 100 ng DNA. PCR products were purified and sent for sequencing to GATC Biotech (Cologne, Germany). Sequences were manually checked and edited using Chromas Lite (<http://www.technelysium.com.au>). Sequences, together with reference sequences downloaded from NCBI GenBank, were aligned using an online version of MAFFT 7 \[[@bib14]\] within the CIPRES portal ([www.phylo.org](http://www.phylo.org){#intref0025} \[[@bib15]\]). The datasets were subjected to Maximum Likelihood analyses (RAxML v8; \[[@bib16]\]) using default settings with 1000 bootstrap iterations. Both isolates were identified as *S. humicola* based on partial sequencing of the ITS, β-tubulin (BT2) and calmodulin (CAL) genes (s. [Table 2](#tbl2){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"} for PCR details and a phylogenetic tree, respectively). Isolates have been stored in our strain collections under the following numbers: JMRC:NRZ:0556Vet-2016-015 and LHL 3648 (for isolate 161011194) and JMRC:NRZ:0557Vet-2016-016 and LHL 3602 (for isolate 161009975).Fig. 3**Phylogram derived from the calmodulin dataset.** Both isolates from this study cluster within the *S. pallida* complex (4). The aligned sequences of all three *S. humicola* isolates are identical. The following complexes as described in de Beer et al., 2016 \[[@bib1]\] are well supported with bootstrap values \> 75%: pathogenic clade (1), *S. gossypina* complex (2), *S. candida* complex (3), *S. pallida* complex (4). The dataset contained 30 taxa with 905 characters. Bootstrap support \>75% is indicated with bold branches.Fig. 3

2.1. Nucleotide sequence accession numbers {#sec1.2}
------------------------------------------

The GenBank database accession numbers (<https://www.ncbi.nlm.nih.gov>) for partial ITS1-5.8S-ITS2, calmodulin and beta-tubulin genes of both *S. humicola* isolates are MN053045, MN025543, MN025545 (for 161011194) and MN05344, MN025544, MN025546 (for 161009975), respectively.

3. Discussion {#sec2}
=============

Sporotrichosis is the only dimorphic fungal disease that seems to have substantial zoonotic transmission \[[@bib16]\]. A number of animal species have been linked with reservoirs for thermodimorphic fungi of the genus *Sporothrix*, but previously published work merely concentrates on the role of animals with respect to zoonotic infections due to the pathogenic clade. To this end, human infections could be attributed predominantly to cats and armadillos, but rats, dogs, squirrels, dolphins, birds, snakes, fish as well as invertebrates such as mosquitoes, ants and spiders have been documented to harbor members of *Sporothrix* \[[@bib3],[@bib16],[@bib19]\]. In contrast, very few articles document animal carriage or human infection based on *Sporothrix* members of the environmental clades. Interestingly, soil species of the *S. pallida* clade, namely *S. chilensis, S. mexicana* and *S. pallida,* as well as *S. stenoceras* have been isolated especially from cutaneous lesions with low-virulence to the warm-blooded, vertebrate host \[[@bib19], [@bib20], [@bib21]\]. *S. humicola,* also a member of the *S. pallida* clade \[[@bib1]\], has been described in 2008, originally isolated from South African soil in an effort to differentiate so called 'environmental isolates of *S. schenckii*' from true pathogens \[[@bib12]\] and has so far never been attributed with pathologies in animals. Conversely, a member most closely related to *S. humicola*, *S. pallida* and *S. stylites* was found as the predominant of several fungi isolated from the peel pedicle of banana fruits called 'fuzzy pedicle' \[[@bib22]\]. Here, we give first evidence of the pathological potential of *S. humicola* also as a vertebrate pathogen. The investigations of the present study show that this fungus could repeatedly be isolated from cutaneous alterations very similar to lesions in pathogenic congener species. However, samples were usually poly-microbial that might reflect concomitant or even synergistic microbiota of the skin from which at least some are well-known pyogenic bacteria (e.g. *Staphylococcus aureus*) and thus could have exacerbated the clinical state. Furthermore, the senescence of these two individuals might have caused a subtle immune-impairment and thus rendered them susceptible for opportunistic infections. Very little is known about the role of this microorganism with respect to the very rare host species, because quolls are seldom kept as zoo animals and the captive bred group from this study never had any contact with conspecifics from the wild. No such lesions have been reported from other maintenances or from the wild, respectively, although one can imagine that this savanna and dry forest dwelling species will regularly be exposed to soil microbiota. Clinical signs were mild and restricted to the external skin. The only internal proof from the large intestine in the female quoll was not associated with extracutaneous pathologies, nor were any other internal tissues affected. Unfortunately, it was not possible to demonstrate yeast-like cells in the affected cutaneous lesions. On the other hand, this is in considerable congruence with findings in the pathogenic clade where a relatively low sensitivity for histological investigations was found, even when using fungus specific stains \[[@bib19]\]. This might also be explained by the seemingly lower conversion rate of environmental isolates into yeast-like cells *in vitro* compared to the pathogenic clade ([Fig. 4](#fig4){ref-type="fig"}A and B). The deficient morphological mycelium-to-yeast conversion has, nevertheless, been linked to other environmental *Sporothrix* species and deviant pathogenicity in the murine model \[[@bib19]\] and may thus explain also a low pathogenicity in *S. humicola*.Fig. 4**Microscopic images of *Sporothrix humicola* on Sabouraud glucose agar with gentamicin and chloramphenicol.** A. mycelial phase, incubated for 48 hours at 20 °C; B. yeast-like phase, incubated for 6 days at 37 °C (400× magnification).Fig. 4

With respect to a proper species identification that is also essential for the assessment of epidemiology and reservoir range and to rule-out highly pathogenic fungi it might be necessary to use protein coding gene in addition to ITS region gene sequences for the recognition of cryptic species, especially in the *S. pallida* complex \[[@bib19]\]. This was true also in the present report where sequencing of the ITS region alone or in combination with the ribosomal large subunit \[[@bib23]\] did not succeed to identify the correct *Sporothrix* species. Only the combination together with BT2 and CAL genes facilitated unequivocal species identification. Phenotypical identification by MALDI-TOF MS suffers from a deficient database, because only the type species, *S. schenckii*, has been included based on one single strain entry, yet. This can be improved by the addition of spectra of well-characterized isolates to the database used. By adding spectral information proceeded by a quality control protocol provided by the manufacturer improved the quality of identification to a secure species level in our case \[[@bib24]\].

Concluding, besides three strains from soil in South Africa and The Netherlands the isolates from this study seem to represent the only two further members of this species that have been stored to date. These represent also the first isolates of *S. humicola* involved in a clinical mycosis in a vertebrate species.
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[^1]: +: 1--10 colony forming units (cfu), ++: 11--50 cfu, +++: 51--200 cfu, ++++: \>200 cfu, \**B.: Bacillus*, CNS: Coagulase-negative staphylococci, *E.: Escherichia*, *H.: Hafnia*, *K.: Klebsiella*, *L.: Lactococcus, Str.: Streptococcus*, *Sta.: Staphylococcus* (all bacterial identifications were carried-out by MALDI-TOF MS).

[^2]: ^†^: PCR program.

[^3]: 1: ×1 (95 °C, 900 secs), ×40 (95 °C, 60s, 53 °C, 30s, 72 °C, 90s), ×1 (72 °C, 600 secs).

[^4]: 2: ×1 (94 °C, 240 secs), ×40 (94 °C, 45s, 58 °C, 45s, 72 °C, 90s), ×1 (72 °C, 600 secs).

[^5]: 3: ×1 (95 °C, 240 secs), ×40 (95 °C, 45s, 54 °C, 45s, 72 °C, 90s), ×1 (72 °C, 600 secs).
